Glaucoma is the leading cause of irreversible blindness worldwide,[@bib1]^,^[@bib2] and it is widely accepted that obstruction of the aqueous humor outflow pathway leads to an increase in intraocular pressure (IOP). The elevated IOP is considered to be the main risk factor for glaucoma. Lowering IOP is thought to be the only effective way to control the progression of glaucomatous retinal ganglion cell degeneration.[@bib3]^,^[@bib4] The dynamic balance between the generation and outflow of aqueous humor maintains IOP within normal.

The dysregulation of conventional outflow resistance can lead to a decrease in aqueous humor outflow and an increase in IOP, finally leading to the progression of glaucoma.[@bib5] However, most of the current IOP-lowering pharmacological treatments are not aimed at the conventional outflow pathway, but rather at an unconventional outflow pathway or the generation of aqueous humor. Although these treatments have proven to be effective, they also have a range of side effects.[@bib6]^,^[@bib7] In addition, these anti-glaucoma treatments could also result in a consequent deprivation of aqueous humor passing the conventional pathway, causing further damage of the glaucomatous trabecular meshwork (TM) and Schlemm\'s canal (SC).[@bib8]^,^[@bib9] In terms of IOP-lowering treatments involving the conventional outflow pathway, most of them are destructive, including laser treatment of the TM or surgical removal or bypass of the TM and SC.[@bib5] For this reason, new drugs targeting the conventional outflow pathway have been studied in recent years.[@bib5]^,^[@bib10]^--^[@bib12]

In 1977, Kaufman et al.[@bib13] found that by depolymerizing actin the aqueous humor outflow resistance can be reversibly reduced. After that, numerous other studies also showed that changes in the cytoskeleton can have an influence on aqueous humor outflow resistance, suggesting a possible role of the cytoskeleton in aqueous humor outflow resistance regulation.[@bib14]^--^[@bib17] These studies marked the beginning of investigations focusing on the relationship between the cytoskeleton and aqueous humor outflow.[@bib18] Decreased outflow resistance can be attributed to increases in the density of SC inner wall pores and the separation of SC cells.[@bib19] The depolymerization of actin can lead to a decrease in SC cell stiffness,[@bib20] and less stiff SC cells are able to form more pores, thus decreasing the funneling effect and outflow resistance.[@bib18]^,^[@bib21] In addition, changes in the SC cell cytoskeleton can also result in changes in focal adhesions, thus affecting the attachment between SC and juxtacanalicular tissue, enlarging the spaces in the juxtacanalicular tissue and decreasing the funneling effect.[@bib22]^,^[@bib23] In contrast, the polymerization of actin can lead to increases in SC cell stiffness and aqueous humor outflow resistance, thus elevating IOP.[@bib24]^--^[@bib26] Our previous study[@bib27] found that, vasoactive intestinal peptide (VIP) can regulate F-action distribution in the SC endothelium and thus expand the SC lumen and decrease IOP in a rat glaucoma model. Moreover, using human umbilical vein endothelial cells (HUVECs), we also found that VIP can change the ratio of F-actin to G-actin (F-/G-actin), which is closely related to the cell stiffness.[@bib24]^,^[@bib25] However, although the effect of VIP on the actin cytoskeleton of endothelial cells was identified, the mechanism remains unclear.

The *leucine-rich repeat kinase 2* (*LRRK2*) gene contains 51 exons and encodes a large, multidomain protein. The LRRK2 protein contains a couple of distinctive structural domains, including a Ras of complex proteins (ROC)/GTPase domain and a kinase domain.[@bib28]^,^[@bib29] In terms of its relationship with actin, previous studies have reported that the biological function of LRRK2 can be linked to the actin cytoskeleton and its dynamic regulation, indicating that LRRK2 possesses at least a basal regulatory activity on actin polymerization as a direct modulator.[@bib30]^--^[@bib32] One of the mechanisms by which LRRK2 regulates the actin cytoskeleton is its interaction with the small GTPases CDC42 and Rac1 (both of which are key regulators of actin polymerization)[@bib31]^,^[@bib33]; ezrin, radixin, and moesin (which are actin-binding proteins)[@bib34]; and other actin stability- and maintenance-related proteins.[@bib32] As a transcription factor, Sp1 can activate numerous molecular pathways, and its binding sequence is (G/T)GGGCGG(G/A)(G/A)(C/T),[@bib35]^,^[@bib36] which is also found in the LRRK2 promoter. Thus, Sp1 can bind to the LRRK2 promoter and promote LRRK2 expression.

In this study, we investigated the molecular pathway underlying the effects of VIP on the actin cytoskeleton and found that VIP regulates the F-/G-actin ratio via LRRK2, which is further regulated by the transcription factor Sp1.

Methods {#sec2}
=======

Hematoxylin--Eosin Staining, Immunohistochemistry, and Immunofluorescence of Human SC Ex Vivo {#sec2-1}
---------------------------------------------------------------------------------------------

We evaluated six normal donor eyes from the Department of Ophthalmology, Wuhan Red Cross Medical Center, Hubei, China. This study was approved by the ethics committee of Tongji Hospital and adhered to the tenets of the Declaration of Helsinki. A summary of the donor characteristics is provided in [Figure 1](#fig1){ref-type="fig"}. All obtained donor eyes were fixed in the 10% formalin at 4°C for 48 hours, and then each specimen from the donor eyes was divided into four sections, which were subsequently embedded in paraffin to enable the SC to be cut perpendicular to its longitudinal axis.

![Co-expression of VIP and VPAC2 in the region surrounding human SC. (**A**) Schematic diagram of anterior chamber angle. (**B**, **C**) Representative HE staining of SC (**B**, 20×; **C**, 40×). (**D**) Representative immunohistochemical (CD31) staining of SC (40×). Representative single staining of VIP (**E**, **I**), VPAC2 (**F**, **J**), and DAPI (**G**, **K**) in the region surrounding SC. (**H**, **L**) The merged figures show that VIP and VPAC2 were co-expressed in the region surrounding SC. (**M**) Characteristics of donors eyes. *Scale bars*: 50 µm.](iovs-61-6-45-f001){#fig1}

For hematoxylin--eosin (HE) staining, the SC sections of hydrated and deparaffinized tissues were stained with hematoxylin and eosin following the standard protocols of histological observation.[@bib37] For immunohistochemistry and immunofluorescence, SC sections (5 µm) were gently washed three times using PBS and were then treated with 10% donkey serum albumin for 1 hour at room temperature to block nonspecific bindings. For immunohistochemical staining, the sections were incubated overnight at 4°C with primary antibodies CD31/PECAM1 (1:100 dilutions; Cell Signaling Technology, Danvers, MA, USA). They were then washed with PBS and incubated with biotinylated secondary antibody. Then, 3′,3′-diaminobenzidine (DakoCytomation, Carpinteria, CA, USA) was used as the peroxidase substrate to develop a brown color, and hematoxylin (Merck Taiwan Ltd., Taipei City, Taiwan) was used as a counterstain. The immunohistochemical sections were observed by light microscopy. For immunofluorescence, primary antibody combinations of VIP (SC-25347, 1:200 dilution; Santa Cruz Biotechnology, Dallas, TX, USA) and vasoactive intestinal peptide receptors 2 (VPAC2) (AB2266, 1:100 dilution; MilliporeSigma, Temecula, CA, USA) were employed at 4°C overnight. After incubation of primary antibodies, the sections were washed with PBS and then incubated for 1 hour at room temperature with fluorescently labeled secondary antibodies: Alexa Fluor 594-conjugated donkey anti-mouse and Alexa Fluor 488-conjugated donkey anti-rabbit (1:200 dilutions; Thermo Fisher Scientific, Waltham, MA, USA) and 4′,6-diamidino-2-phenylindole (DAPI) (1:100 dilution; Biossci Biotechnology, Wuhan, China). The sections are examined with a Zeiss LSM 710 laser scanning confocal microscope (Carl Zeiss Meditec, Oberkochen, Germany) under excitation wavelengths of 405 nm for DAPI, 488 nm for Alexa Fluor 488, and 594 nm for Alexa Fluor 594.

VIP Administration in Animals In Vivo {#sec2-2}
-------------------------------------

Male Sprague--Dawley rats from the Experiment Animal Center of Tongji Medical College (220--280 g) were used for the experiments. All animals were raised in a 12-hour light/dark cycle and were given free access to food and water. The animals were maintained in adherence to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and under protocols approved by the Institutional Animal Care and Use Committees of Huazhong University of Science and Technology (2015-K-023).

VIP (HSDAVFTDNYTRLRKQMAVKKYLNSILN) and VIP with N-terminal fluorescein isothiocyanate (FITC)-Acp were synthesized with purities of 98% (Sangon Biotech, Shanghai, China). These peptides were administered locally by eye drops. To instill the drops, we opened the eyelids of each rat and instilled one drop of drug into the central cornea, with blinking prevented, at intervals of 15 seconds. The right eye of each rat received a 10-µM VIP drop (Yick-Vic Chemicals & Pharmaceuticals, Hong Kong, China), and the left eye of each rat received a 50-µM VIP drop. Eye drops were administered once every 30 minutes for 6 continuous hours. Six, 12, and 24 hours after the start of the VIP eye drop administration, rats were sacrificed for eye collection. Another group of animals received water eye drops once every 30 minutes for 6 continuous hours as controls.

Using the same method, we also locally administered VIP--FITC (10 µM) eye drops to rats once every 30 minutes for 6 continuous hours to evaluate whether VIP can penetrate the cornea and reach the anterior chamber, iris, TM, SC, and retina.

SC Measurements Ex Vivo {#sec2-3}
-----------------------

SC was marked using HE and immunohistochemical (CD31) staining, as described above. The SC area were measured using ImageJ software (National Institutes of Health, Bethesda, MD, USA) by three independent and masked analyzers. Brightness and contrast were subjectively defined in order to maximize the visualization of SC. The area was drawn freehand based on the outline of SC. IOP was measured using a Tono-Pen XL tonometer (Reichert Technologies, Depew, NY, USA).

Safety of Local Application of VIP to the Eyes In Vivo {#sec2-4}
------------------------------------------------------

Rats received local water or VIP eye drops once a day for 2 weeks. To test the integrity of the corneal epithelium, 0.5% fluorescein sodium solution (10 µL) was instilled in the conjunctival sac of the rats. After 30 seconds, the excess fluorescein was rinsed with 0.9% NaCl solution. Cobalt blue light of a slit-lamp microscope (SL-D7; Topcon, Tokyo, Japan) with a digital camera was used for image acquisition. The lens transparency was also recorded using this imaging system with normal light. To test the viability of the corneal endothelium, dual staining of Alizarin Red S (to identify cell borders) and trypan blue (to identify cells with damaged plasma membranes) was applied. Each cornea was placed with the endothelium side up, and 0.25% trypan blue was dropped onto the endothelium for 90 seconds. After that, the trypan blue was rinsed with 0.9% NaCl solution, and 0.2% Alizarin Red S (pH 4.2) was dropped onto the endothelium for 120 seconds, followed by rinsing with 0.9% NaCl solution.[@bib38] Cell viability was estimated by measuring the area of 50 contiguous endothelial cells in each visual field.[@bib39] To count the retinal ganglion cells in both the VIP and water-treated groups, Brn-3a, a retinal ganglion cell marker, was labeled by immunofluorescence with a specific Brn-3a primary antibody (SC-8429, 1:200 dilution; Santa Cruz Biotechnology).

LRRK2 Immunofluorescence in SC of Rats Ex Vivo {#sec2-5}
----------------------------------------------

In addition, LRRK2 immunofluorescence was performed in the SC of rats. The staining method was carried out as mentioned above. Primary antibody (ab133476, 1:50 dilution; Abcam) and Alexa Fluor 594-conjugated donkey anti-rabbit secondary antibody (1:200 dilution; Thermo Fisher Scientific) were used to evaluate local LRRK2 expression in SC in different groups.

Determination of Sp1 and LRRK2 Levels After Administration of VIP in HUVECs In Vitro {#sec2-6}
------------------------------------------------------------------------------------

HUVECs were maintained in Dulbecco\'s Modified Eagle\'s Medium supplemented with Gibco 10% fetal bovine serum (Thermo Fisher Scientific), penicillin (100 U/mL)/streptomycin (100 µg/mL), and 2-mM [l]{.smallcaps}-glutamine at 37.8°C in 5% CO~2~. A previous study identified potential transcription factors of LRRK2 and noted that Sp1 can regulate the promoter activity and gene expression of LRRK2. Based on this, we tested the changes in the RNA expression of Sp1, GATA1/2, AP-1, HNF-3α, and NF-AT1[@bib40] after the administration of VIP (1, 10, or 50 µM) for 6 hours in HUVECs. HUVECs were isolated with TRIzol Reagent (Thermo Fisher Scientific), and total RNA was collected and quantified. The collected RNA was reverse-transcribed into cDNA using a cDNA synthesis kit (Thermo Fisher Scientific) and amplified by quantitative polymerase chain reaction (qPCR) using the KAPASYBR FAST qPCR Master Mix (2X) Kit (KAPA Biosystems, Cape Town, South Africa) and an Applied Biosystems real-time PCR system (Thermo Fisher Scientific). Relative gene expression levels were normalized to the level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The sequences for each primer are as follows:

•GAPDH---sense, 5′-AGCCACATCGCTCAGACAC-3′; antisense, 5′-GCCCAATACGACCAAATCC-3′•Sp1---sense, 5′-TTGGGTACTTCAGGAATCCAGG-3′; antisense, 5′-CTGGGCTGTTTTCTCCTTCCT•GATA1---sense, 5′-GCACCAACTGCCAGACGACC-3′; antisense, 5′-CAGATGCCTTGCGGTTTCGA-3′•GATA2---sense, 5′-TGAAGAAGGAAGGGATCCAG-3′; antisense, 5′-TGGAGAGCTCCTCGAAACAT-3′)•AP-1---sense, 5′-GAGTCTCAGGAGCGGATCAA-3′; antisense, 5′-TGAGTTGGCACCCACTGTTA-3′•HNF-3α---sense, 5′-CTCTAGGCAGCGCCTCGGTGA-3′; antisense, 5′-CAGCATGGCTATGCCAGACAAACCC-3′•NF-AT1---sense, 5′-CCTCGCCAATAATGTCACCT-3′; antisense, 5′-CGCGTGTTCTTTCTTCCAAT-3′

The expression of LRRK2 RNA in different intervention groups was examined in the same way: sense, 5′-ATGATGACAGCACAGCTAGGA-3′; antisense,5′-AAACGGTCAAGCAAGATTGTA-3′.

For western blotting of Sp1 and LRRK2, after being treated with VIP (1, 10, or 50 µM) for 6 hours HUVECs were lysed with radioimmunoprecipitation assay lysis buffer (P0013K; Beyotime Biotech, Beijing, China) on ice for 10 minutes and centrifuged at 16,000×*g* for 10 minutes. The supernatant was collected and loaded for western blotting analysis using antibodies specific for Sp1 (ab124804; Abcam) and LRRK2 (ab133476; Abcam) at 1:5000 dilutions. Moreover, we also extracted nuclear and cytoplasmic proteins using a nuclear protein extraction kit (Beyotime Biotech) to determine Sp1 expression in different subcellular locations. The cytoplasmic and nuclear components were subjected to western blotting.

In addition, we also performed immunofluorescence for Sp1 in HUVECs on coverslips with a primary antibody specific for Sp1 (ab124804, 1:200 dilution; Abcam) and secondary antibody (Alexa Fluor 594-conjugated donkey anti-rabbit), and DAPI (1:100 dilution; Biossci Biotech) to determine the expression of Sp1 in the nuclei.

Determination of Sp1 and LRRK2 Levels After Administration of Sp1/LRRK2 Inhibitor and VIP in HUVECs In Vitro {#sec2-7}
------------------------------------------------------------------------------------------------------------

HUVECs were first treated with the Sp1 inhibitor plicamycin (50 µM) (ab142723; Abcam) for 24 hours or the LRRK2 inhibitor, LRRK2-IN-1 (3 µM) (S7584; Selleck Chemicals, Houston, TX, USA) for 120 minutes. The medium was then changed, and the HUVECs were treated with VIP (1, 10, or 50 µM)) for another 6 hours. After this, the HUVECs were collected and used for western blotting analysis to determine the protein expression levels of Sp1 and LRRK2.

Determination of the F-/G-Actin Ratio in HUVECs In Vitro {#sec2-8}
--------------------------------------------------------

For cell experiments, VIP (1, 10, or 50 µM) was added to the culture medium for 6 hours and changes in the F-/G-actin ratio were examined using immunofluorescence and western blotting. We also tested the F-/G-actin ratio after HUVECs were treated with the LRRK2 inhibitor LRRK2-IN-1. To do this, we first incubated HUVECs with culture medium containing LRRK2-IN-1 (3 µM) for 120 minutes[@bib41] and then exchanged the culture medium with VIP (1, 10, or 50 µM) for another 6 hours. For immunofluorescence in HUVECs on coverslips, F-actin was labeled with Alexa Fluor 594 phalloidin (1:1000 dilution; ab112127, Abcam), and G-actin was labeled with Alexa Fluor 488 deoxyribonuclease I (300 nM) for 1 hour at room temperature. For western blotting, radioimmunoprecipitation assay lysis buffer (P0013K; Beyotime Biotech) was employed to lyse HUVECs from the control and VIP (1, 10, and 50 µM) groups on ice for 10 minutes, followed by centrifugation at 15,000×*g* for 30 minutes. Soluble actin (G-actin) was collected in the supernatant. The insoluble F-actin in the pellet was resuspended in lysis buffer with an equal volume of buffer 2 (1.5-mM guanidine hydrochloride, 1-mM sodium acetate, 1-mM CaCl~2~, 1-mM adenosine triphosphate, and 20-mM Tris-HCl; pH 7.5) and incubated on ice for 1 hour, with gentle mixing every 15 minutes, to convert F-actin into soluble G-actin. The samples were then centrifuged at 15,000×*g* for 30 minutes, and F-actin was collected in the supernatant.[@bib42] Samples from the supernatant (G-actin) and pellet (F-actin) fractions were analyzed by western blotting using an Abcam antibody specific for actin (ab179467, 1:5000 dilution).

Determination of F-/G-Actin Ratio in the SC of Rat Eyes Ex Vivo {#sec2-9}
---------------------------------------------------------------

Water, VIP (50 µM), and VIP (50 µM) + LRRK2-IN-1 (10 µM) were locally applied to the rat eyes. For the groups treated with water or VIP only, water or VIP eye drops were administered once every 30 minutes for 6 hours. For the group treated with VIP + LRRK2-IN-1, the LRRK2-IN-1 was applied once every 15 minutes for 2 hours before VIP was applied (once every 30 minutes for 6 hours). After this, the rats were sacrificed and the eyes were collected. For immunofluorescence in SC of rat eyes, F-actin was labeled with Alexa Fluor 594 phalloidin (1:1000 dilution), and G-actin was labeled with Alexa Fluor 488 deoxyribonuclease I (300 nM) for 1 hour at room temperature. Furthermore, the SC area was also measured in each group.

Data Analysis {#sec2-10}
-------------

Statistical analyses were performed with two-tailed paired/unpaired *t*-tests and ordinary one-way ANOVA with Dunnett\'s multiple comparison test using GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA). A level of 5% was considered significant.

Results {#sec3}
=======

Distribution of VIP and VPAC2 in the Region Surrounding Human SC {#sec3-1}
----------------------------------------------------------------

To confirm the location of SC in human eyes, serial slices were examined using HE staining and immunohistochemical (CD31) staining; CD31 is a biomarker for SC and could be used to locate SC[@bib37]^,^[@bib43] ([Figs. 1](#fig1){ref-type="fig"}B--[1](#fig1){ref-type="fig"}D). We found that SC was a thin, lucent space located at the corneoscleral junction in the iridocorneal angle area. To explore the distribution of VIP and VPAC2 receptor in the region surrounding SC, double immunofluorescence staining was performed; co-staining of VIP and VPAC2 has been observed in the area surrounding the lumen of human SC, as well as in human TM tissue ([Figs. 1](#fig1){ref-type="fig"}E--[1](#fig1){ref-type="fig"}L).

Local VIP Application Increases the Lumen Size of SC of Rats In Vivo {#sec3-2}
--------------------------------------------------------------------

As shown in [Figure 2](#fig2){ref-type="fig"}B, after the local application of drops containing VIP with N-terminal FITC-Acp to rat eyes, a significant FITC fluorescence signal was observed in TM and SC areas. In contrast, no fluorescence signal was observed in TM and SC areas in the group that received local application of water eye drops (the control group). In the retina, no fluorescence signals were observed in the group that received eye drops containing VIP with N-terminal FITC-Acp (the treated group) or the group that received water eye drops (the control group). Both 10-µM and 50-µM VIP induced an increase in the lumen size of SC 6 hours and 12 hours after the start of local VIP drop application compared with the SC lumen size before local VIP drop application. However, 24 hours after the start of local VIP drop application, the SC lumen returned to the size they were before VIP application (the baseline size) ([Figs. 2](#fig2){ref-type="fig"}C, [2](#fig2){ref-type="fig"}D). In the 50-µM VIP-treated group, IOP decreased significantly 6 hours after the start of local VIP drop application and returned to baseline 12 hours after the start of local VIP drop application. In the 10-µM VIP-treated group, no significant IOP reduction was observed after local VIP drop application ([Supplementary Fig. S1](#iovs-61-6-45_s001){ref-type="supplementary-material"}). And controls for immunohistochemistry of human and rat tissue were shown in [Supplementary Figure S2](#iovs-61-6-45_s002){ref-type="supplementary-material"}.

![Effect of local VIP application on SC lumen size. (**A**) Protocol of VIP administration and schematic diagram of VIP distribution via the cornea. (**B**) Representative distribution of VIP--FITC (*green signal*) in the anterior segment (iris, trabecular meshwork, and SC), but not in the posterior segment (retina and optic nerve head). (**C**) Representative HE staining of the SC lumen and (**D**) immunohistochemical (CD31) staining of SC lumen. The SC lumen size increased significantly 6 hours and 12 hours after the start of local VIP application and returned to baseline values 24 hours after the start of local VIP application (each group n = 4). All groups were compared with the control. ^\*\*\*^*P* \< 0.001, ^\*\*\*\*^*P* \< 0.0001. *Scale bars*: 50 µm.](iovs-61-6-45-f002){#fig2}

Safety of the Local Application of VIP in Rats In Vivo {#sec3-3}
------------------------------------------------------

After the local application of VIP (once a day for 2 weeks), there were no significant changes in the corneal epithelium or endothelium or in lens transparency compared with the control group. No significant corneal epithelium or endothelium damage and no significant lens opacity were observed ([Figs. 3](#fig3){ref-type="fig"}A--[3](#fig3){ref-type="fig"}C). Furthermore, there was no significant decrease in the retinal ganglion cell number after the local application of VIP ([Figs. 3](#fig3){ref-type="fig"}E, [3](#fig3){ref-type="fig"}G).

![The safety of local VIP application in vivo. (**A**) Corneal fluorescence staining images were examined by cobalt blue light and showed no significant epithelium damage in the VIP groups. (**B**) Slit-lamp examination showed no significant lens opacity in the VIP groups. (**C**, **F**) Corneal flat-mounts stained with trypan blue and Alizarin Red S showed no significant changes in endothelium cell density or hexagonality in the VIP groups (each group n = 4). (**D**) HE staining of the retina in the VIP groups. (**E**, **G**) Immunofluorescence staining for Brn3a (*red*) and DAPI (*blue*) in retinal ganglion cells showed no significant decrease in the retinal ganglion cell number in the VIP groups (each group n = 6). All groups were compared with the control.](iovs-61-6-45-f003){#fig3}

Local VIP Application Upregulates LRRK2 Expression in Rats In Vivo and in HUVECs In Vitro {#sec3-4}
-----------------------------------------------------------------------------------------

Using immunofluorescence staining to explore the expression of LRRK2 in SC endothelial cells in rat eyes, we found that 10-µM and 50-µM VIP upregulated the LRRK2 expression 6 hours after the start of local VIP drop application. Then, 12 hours later, the expression of LRRK2 surrounding SC returned to the pre-intervention (baseline) levels ([Fig. 4](#fig4){ref-type="fig"}A). The recovery of LRRK2 (within 12 hours) occurred before the recovery of the SC lumen (within 24 hours), indicating that the recovery of LRRK2 and the SC lumen occurred in sequence. LRRK2 returned to baseline first and then induced the recovery of the SC lumen via its regulatory effect on the actin cytoskeleton. Consistent with the aforementioned changes in LRRK2 expression induced by VIP in vivo, the mRNA and protein expression levels of LRRK2 also increased after HUVECs were treated with VIP (1, 10, or 50 µM) ([Figs. 4](#fig4){ref-type="fig"}B,[4](#fig4){ref-type="fig"}C).

![Immunofluorescence staining for LRRK2 in SC endothelial cells stimulated with VIP in vivo and the mRNA and protein expression of LRRK2 in HUVECs stimulated with VIP in vitro. (**A**) Representative immunofluorescence staining (*red*) for LRRK2 in SC endothelium cells. The immunofluorescence optical density of LRRK2 surrounding the SC endothelium increased significantly 6 hours after the start of local VIP application and returned to baseline values 12 hours after the start of local VIP application (each group n = 5). (**B**) The results of qPCR for LRRK2 in HUVECs upon VIP stimulation and (**C**) representative western blots of LRRK2 in HUVECs upon VIP stimulation. VIP increased the mRNA and protein expression levels of LRRK2 in HUVECs. All groups were compared with the control. ^\*\*\*^*P* \< 0.001, ^\*\*\*\*^*P* \< 0.0001. *Scale bars*: 50 µm.](iovs-61-6-45-f004){#fig4}

VIP Promotes the mRNA and Protein Expression of Sp1 in HUVECs In Vitro {#sec3-5}
----------------------------------------------------------------------

A previous study identified potential transcription factors of LRRK2 and noted that Sp1 can regulate the promoter activity and gene expression of *LRRK2*.[@bib40] The mRNA and protein expression levels of Sp1 showed the same trend as the expression levels of LRRK2 in this study; VIP (1, 10, or 50 µM) promoted the mRNA and protein expression levels of Sp1 in HUVECs ([Figs. 5](#fig5){ref-type="fig"}A, [5](#fig5){ref-type="fig"}D). Furthermore, we observed that after treatment with VIP (1, 10, or 50 µM), the protein level of Sp1 in the cytoplasm remained relatively unchanged, whereas the protein level of Sp1 in the nucleus increased significantly ([Figs. 5](#fig5){ref-type="fig"}B, [5](#fig5){ref-type="fig"}C). This increase in Sp1 in the nucleus induced by VIP (1, 10, or 50 µM) was also confirmed by immunofluorescence staining ([Fig. 5](#fig5){ref-type="fig"}E). These findings suggest that VIP was able to upregulate the expression of LRRK2 by promoting and recruiting Sp1 to the nucleus.

![The mRNA and protein expression of Sp1 in HUVECs stimulated with VIP. (**A**) The results of qPCR for Sp1 in HUVECs stimulated with VIP. Representative western blots of Sp1 in the cytoplasm (**B**), nuclei (**C**), and whole cell (**D**). The protein level of Sp1 in the cytoplasm remained relatively unchanged, whereas the protein level of Sp1 in the nuclei showed a significant increase in HUVECs stimulated with VIP. (**E**) Representative immunofluorescence staining for Sp1 (*red*) and DAPI (*blue*) in the nuclei of HUVECs. Nuclear Sp1 increased in HUVECs stimulated with VIP. All groups were compared with the control. ^\*\*\*\*^*P* \< 0.0001. *Scale bars*: 50 µm.](iovs-61-6-45-f005){#fig5}

Effect of Sp1 and LRRK2 Inhibitor on the Protein Expression Levels of Sp1 and LRRK2 in HUVECs In Vitro {#sec3-6}
------------------------------------------------------------------------------------------------------

The Sp1 inhibitor (plicamycin) inhibited the expression of Sp1 by targeting DNA and RNA polymerase and DNA binding.[@bib44] We observed that, compared with the group not treated with plicamycin, the plicamycin-treated group exhibited a significant decrease in the protein expression level of Sp1. In addition, upon plicamycin application, the protein expression level of LRRK2 also decreased significantly ([Fig. 6](#fig6){ref-type="fig"}A). LRRK2-IN-1 is an LRRK2 inhibitor that inhibits only the biological activity of LRRK2,[@bib45]^,^[@bib46] and our study results indicate that the application of LRRK2-IN-1 did not have an effect on the protein expression of LRRK2 and Sp1 induced by VIP. Thus, the application of LRRK2-IN-1 did not influence the effect of VIP on Sp1 and LRRK2 expression ([Fig. 6](#fig6){ref-type="fig"}B).

![Western blotting for Sp1 and LRRK2 in HUVECs stimulated with VIP + Sp1/LRRK2 inhibitor. (**A**) Representative western blots of Sp1 and LRRK2 in HUVECs treated with the VIP + Sp1 inhibitor plicamycin. Plicamycin inhibited the expression of Sp1 by targeting DNA and RNA polymerase and DNA binding. The application of plicamycin decreased the protein expression of both Sp1 and LRRK2. (**B**) Representative western blots of Sp1 and LRRK2 in HUVECs treated with VIP + LRRK2 inhibitor (LRRK2-IN-1). LRRK2-IN-1 inhibited only the biological activity of LRRK2 and thus had no influence on the protein expression of Sp1 and LRRK2 induced by VIP. All groups were compared with the control. ^\*\*^*P* \< 0.01, ^\*\*\*\*^*P* \< 0.0001.](iovs-61-6-45-f006){#fig6}

In HUVECs, VIP Decreases the F-/G-Actin Ratio and LRRK2-IN-1 Eliminates This Effect of VIP In Vitro {#sec3-7}
---------------------------------------------------------------------------------------------------

Using immunofluorescence staining and western blotting, we found that after the application of VIP (1, 10, or 50 µM) for 6 hours, the F-/G-actin ratio for HUVECs decreased significantly. Compared with the control group (no VIP), the cells in the 50-µM VIP group became rounded in shape. However, the application of the LRRK2 inhibitor LRRK2-IN-1 abolished this effect of VIP on the F-/G-actin ratio and cell shape (the F-/G-actin ratio and cell shape remained relatively unchanged with the application of LRRK2-IN-1) ([Fig. 7](#fig7){ref-type="fig"}).

![Western blotting and immunofluorescence staining of F-actin and G-actin in HUVECs stimulated with VIP and with VIP+LRRK2-IN-1. Representative (**A**) western blots and (**C**) immunofluorescence staining (*red* for F-actin and *green* for G-actin) for F-actin and G-actin in HUVECs. (**B**, **D**) VIP induced a decrease in the F-/G-actin ratio, and this effect was abolished by the application of LRRK2-IN-1. All groups were compared with the control. ^\*\*\*\*^*P* \< 0.0001. *Scale bars*: 50 µm.](iovs-61-6-45-f007){#fig7}

LRRK2-IN-1 Eliminates the Change in the F-/G-Actin Ratio Induced by VIP in Rats In Vivo {#sec3-8}
---------------------------------------------------------------------------------------

We observed that compared with that in the control (water-treated) group, the fluorescence signal of G-actin (green) surrounding SC increased and that of F-actin (red) decreased, leading to significant changes in the F-/G-actin ratio after VIP eye drop treatment. In contrast, in the group treated with VIP + LRRK2-IN-1, the fluorescence signals of G-actin and F-actin remained relatively unchanged after drug intervention; thus, the F-/G-actin ratio was consistent with that in the control (water-treated) group ([Fig. 8](#fig8){ref-type="fig"}A). In addition, LRRK2-IN-1 eliminated the expansion of the SC lumen by VIP, whereas the group treated only with VIP had a significantly larger SC lumen than the water-treated control group ([Figs. 8](#fig8){ref-type="fig"}B, [8](#fig8){ref-type="fig"}C).

![Immunofluorescence staining for F-actin and G-actin in SC endothelial cells stimulated with VIP and with VIP + LRRK2-IN-1. (**A**) Representative immunofluorescence staining of F-actin (*red*), G-actin (*green*), and DAPI (*blue*) in the SC endothelium. VIP decreased the F-/G-actin ratio in the SC endothelium, whereas the application of LRRK2-IN-1 eliminated this effect. (**B**) Representative HE staining of the SC lumen, and (**C**) immunohistochemical (CD31) staining of the SC lumen. VIP expanded the SC lumen, whereas the application of LRRK2-IN-1 abolished this effect. All groups were compared with the control (each group n = 4). ^\*\*^*P* \< 0.01, ^\*\*\*\*^*P* \< 0.0001. *Scale bars*:50 µm.](iovs-61-6-45-f008){#fig8}

Discussion {#sec4}
==========

Elevated IOP is the main risk factor for glaucoma, and this pathological change can be attribute to the increase in the aqueous humor outflow resistance, which is closely correlated with the cytoskeleton of the SC endothelium.[@bib3]^,^[@bib4]^,^[@bib27] In our previous study, we reported the effect of VIP on the morphology and cytoskeleton of the SC endothelium and IOP.[@bib27] However, the molecular mechanism of the effect of VIP on the cytoskeleton of endothelial cell is still not completely clear. In this present study, we found that VIP increased the expression level of Sp1 and induced its migration from the cytoplasm into the nucleus. After the recruitment of Sp1 to the nucleus, it can further upregulate the expression level of LRRK2. Next, the effect of LRRK2 on the cytoskeleton (F-actin and G-actin) was examined. With the increase in LRRK2, the F-/G-actin ratio decreased significantly. After the application of LRRK2 inhibitor (LRRK2-IN-1), the phosphorylation of LRRK2 was inhibited,[@bib45]^,^[@bib46] which resulted in the inactivation of the biological activity of LRRK2. The F-/G-actin ratio can remain relatively unchanged upon VIP treatment, indicating that the effect of VIP on the cytoskeleton (F-actin and G-actin) was abolished by the LRRK2 inhibitor and that LRRK2 plays an important role in the regulation of the F-actin and G-actin balance.

The spatial structure of the cytoskeleton network is important and necessary for transmitting compressive and tensile stresses and for sensing the mechanical microenvironment.[@bib47] Previous studies have indicated that the stiffness of SC endothelial cells is determined by the cell cytoskeleton and contributes to aqueous humor outflow resistance.[@bib13]^--^[@bib21]^,^[@bib24]^,^[@bib25]^,^[@bib48] Stiffer SC endothelial cells would deform less under a transcellular pressure drop, thus inhibiting pore formation and decreasing the aqueous humor outflow facility.[@bib20]^,^[@bib49] Using drug intervention, previous studies have also confirmed the role of SC endothelial cell stiffness in aqueous humor outflow resistance regulation.[@bib50]^,^[@bib51] Thus, the increased stiffness of SC endothelial cells could be a major reason for the elevation of IOP and the pathogenesis of glaucoma. In this present study, we found that, in the human SC endothelium, VIP and VPAC2 were co-expressed, indicating that VIP and its receptor exist around SC, providing SC with the structural foundation for VIP regulation. In our animal experiments, we confirmed the ability of VIP to expand the SC lumen and that this effect was achieved by the regulatory effect of VIP on the cytoskeleton (the F-/G-actin ratio). When VIP downregulated the F-/G-actin ratio, the stiffness of the SC endothelium was also reduced,[@bib24]^,^[@bib25] leading to an increase in SC lumen size and a decrease in the aqueous humor outflow resistance.[@bib52]^,^[@bib53] Also, our present study has shown that, after topical VIP application, the expanded SC lumen recovered to its pretreatment size within 24 hours, indicating that the ability of VIP to expand the SC lumen has a time limit.

The *LRRK2* gene encodes a large, multidomain protein that has 2527 amino acids and belongs to the ROCO protein superfamily. The LRRK2 protein contains a couple of distinctive structural domains, including a ROC/GTPase domain and a kinase domain. In between these two domains is located a C-terminal of Ras complex domain.[@bib28]^,^[@bib29] LRRK2 has been reported to play a critical role in actin cytoskeleton remodeling and to be a direct or indirect regulator of actin polymerization.[@bib30]^--^[@bib32] Regarding the mechanisms by which LRRK2 regulates the actin cytoskeleton, recent studies have reported that LRRK2 can interact with the small GTPases CDC42 and Rac1, which are key regulators of actin polymerization[@bib31]^,^[@bib33] and can regulate the phosphorylation of the actin-binding proteins ezrin, radixin, and moesin, which are crucial for the anchorage of actin filaments to the cell membrane.[@bib34] In addition, LRRK2 can also interact with actin isoforms and with proteins that regulate actin stability and maintenance (e.g., capping proteins, tropomyosins, actin motor proteins) to further regulate the balance between stabilization and destabilization of the F-actin architecture.[@bib32] A previous LRRK2 knockdown experiment in cells also confirmed that LRRK2 may be a central mediator of the actin cytoskeleton network.[@bib54] In this study, we applied LRRK2 inhibitor to HUVECs and found that the LRRK2 inhibitor eliminated the effect of VIP on the actin cytoskeleton, although the expression levels of Sp1 and LRRK2 were still upregulated by VIP, indicating that LRRK2 is an important mediator of actin cytoskeleton remodeling induced by VIP.

According to the transcription factor binding sites of the *LRRK2* gene, a previous study identified several putative transcription factors for LRRK2, including Sp1, GATA1/2, AP-1, HNF-3α, and NF-AT1.[@bib40] In this study, we evaluated the changes in RNA expression after the application of VIP to HUVECs and found that Sp1 showed the most significant positive changes, indicating that VIP can positively regulate the RNA expression of Sp1. In addition, a previous study also confirmed that Sp1 is able to regulate the promoter activity and gene expression of *LRRK2*.[@bib40] Consistent with the PCR results, our western-blotting results showed that, after the application of VIP to HUVECs, the protein level of Sp1 increased, Sp1 translocated to the nucleus, and there was a simultaneous increase in the protein level of LRRK2. When the Sp1 inhibitor plicamycin, which can bind to GC-rich sequences with high affinity and act as a site-specific inhibitor of Sp1,[@bib55]^,^[@bib56] was applied, the protein level of Sp1 decreased, with a simultaneous decrease in the protein level of LRRK2. The trends of changes in Sp1 and LRRK2 were identical under different drug interventions (VIP and plicamycin). This study result is also consistent with a previous study that indicated that Sp1 signaling is important for the regulation of *LRRK2* gene expression.[@bib40] Sp1 is a classic transcription factor involved in various molecular pathways and can bind to GC-boxes and GT/CACC-boxes. Its binding sequence is (G/T)GGGCGG(G/A)(G/A)(C/T),[@bib35]^,^[@bib36] which also appears in the LRRK2 promoter; thus, Sp1 can bind to the *LRRK2* promotor and upregulate the expression of LRRK2.[@bib40]

A major limitation of this study was that we performed experiments on HUVECs rather than primary SC cells. It is not clear whether our HUVEC experiment results could also be observed in primary SC cells; thus, further studies on primary SC cells would be necessary.

In conclusion, the application of VIP induces an increase in the expression of the transcription factor Sp1 and then recruits Sp1 to the nucleus. After that, the translocation of Sp1 to the nucleus upregulates the expression of LRRK2, which further changes the F-/G-actin ratio and regulates the balance between stabilization and destabilization of the F-actin architecture ([Fig. 9](#fig9){ref-type="fig"}).

![Schematic diagram of the effect of VIP on the cytoskeleton. VIP induced an increase in the expression of transcription factor Sp1 and then recruited Sp1 into the nuclei. After that, the migration of Sp1 to nuclei upregulated the expression of LRRK2, which would further change the ratio of F-actin and G-actin.](iovs-61-6-45-f009){#fig9}
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